Introduction
The National Institute of Standards and Technology (NIST) aims to develop the capabilities necessary to carry out its key role in the Nation's innovation ecosystem in part by fortifying U.S. advanced manufacturing capabilities. Because the Nation's long-term competitiveness relies on its global leadership in advanced manufacturing capabilities, NIST invests in the development and deployment of unique tools to support U.S. advanced manufacturing through both its intramural and extramural programs. NIST recently contracted a series of independent analyses 1,2 to inform its investments. These studies identified a suite of technology infrastructure 3 needs -needs for a broad base of public and quasi-public technologies and technical knowledge. The analysis addresses technical gaps in four key advanced manufacturing sectors: additive manufacturing; advanced robotics and automation; advanced roll-to-roll manufacturing; and smart manufacturing. Closing these gaps will support the research, development, production and diffusion activities of national laboratories, universities and firms alike. Conducting extensive original interviews and data collection, identifying the barriers to the adoption of advanced manufacturing technology and estimating the impact of eliminating these barriers is the unique contribution of this analysis.
Meeting the critical technology infrastructure needs across these sectors also delivers domestic manufacturers important new capabilities. For example, additive manufacturing (AM) technologies that make objects and parts by joining ultrathin layers of material layer-by-layer have "great potential to enable both sustaining and disruptive innovation." Next-generation advanced robots will be mobile, free to move about their environments and able to safely collaborate with humans. The studies find that advanced robotics and automation are potential game-changing technologies for strengthening the U.S. manufacturing sector, particularly for small and medium-sized manufacturers (SMEs). Similarly, advanced roll-to-roll (R2R) production methods offer the opportunity to merge the precision and uniformity of the microelectronics industry with the scale and cost structure of high-throughput industries such as optical films, printing and textiles. Smart manufacturing processes that use digital information to optimize product, factory and supply-chain operations have introduced a vast array of new opportunities for increasing efficiency, lowering costs, and improving quality throughout the advanced manufacturing sector.
However, the studies identify technology infrastructure needs -"currently unmet needs for measurement science, including metrology and test methods, traceable reference data, and other formal knowledge -that limit [advanced manufacturing] technology's further development and adoption, and the ways in which meeting these needs could spur innovation and growth in US advanced manufacturing." Each of the four studies identifies 5 to 10 critical needs. Individual studies and the associated NIST Economic Analysis Briefs provide details. 
Findings
The analyses provide conservative estimates which indicate that meeting key technical needs would save over $100 billion annually in emerging advanced manufacturing sectors. Both the total annual cost savings and the rate of cost reduction vary across the sectors studied. Meeting the technical needs in advanced roll-to-roll and additive manufacturing would lower costs by 15% and 18% respectively. Importantly, the estimated benefits are only those directly attributable to closing the identified technical gaps rather than the overall benefit of advanced manufacturing technology. The studies identify the potential systematic application of robotics and automation as well as smart manufacturing throughout the manufacturing sector, which naturally raises the total impact estimates relative to technologies with more narrow applicability such as additive and advanced R2R. The conservative estimation approach, which is based on current levels of adoption, further lowers estimated benefits. Overall, the impact estimates are particularly impressive since they do not include benefits that interviewees could not rigorously quantify such as R&D cost savings, transactions cost savings, benefits of new and improved products, long term growth and competitiveness benefits of advanced manufacturing or other societal benefits.
The studies identify certain barriers to innovation, caused by market failures, that increase the cost of advanced manufacturing R&D, weaken private investment incentives and foster proprietary standards that can further distort the market. The stakeholder interviews identify critical uncertainties that increase transactions and adoption costs and diminish the incentive of all parties -across entire supply chains -to invest in advanced manufacturing technology. Further, the studies provide evidence that proprietary standards 4 fail to address the underlying barriers to innovation. The analysis demonstrates that when measurement and test methods, interoperability standards, scientific and engineering databases are treated as proprietary intellectual assets, firms can use these to create market distortions by conveying market power through branding and reputation. Only by meeting needs for trusted third-party standards and performance data will adopters "know what they are buying at various cost points," be confident in the performance of innovative materials, products and technologies, and fully compensate developers for their research investments. The studies consistently point to the trusted "honest broker" role often played by public institutions as vital to overcoming such barriers to innovation. These findings highlight the importance of public research institutions in meeting the identified technical needs.
Important linkages across technical needs exist and must be recognized. This increases the importance of ensuring needs are met across all categories. For example, high-fidelity computer modeling and simulation require advances in measurement science to produce new scientific and engineering databases. Consequently, "unbalanced" investment -closing select technical gaps while leaving other needs unmet -would likely limit US ability to "fully realize economic impact."
Manufacturing research consortia and technology extension services are needed to meet critical technical needs and ensure small and medium-sized enterprises benefit from advanced manufacturing technology. For example, the studies show that the needs of small and medium manufacturing establishments are particularly acute. Small manufacturers noted that they "do not have the adequate resources to exhaustively test and validate." In this environment, trusted and publicly available data "could accelerate the introduction of [advanced manufacturing] in existing industries, as well as new industries, and open up additional opportunities for small suppliers and manufacturers." Additionally, the studies identified needs for certain pre-competitive technology platforms. The analysis concludes that consortia are an import tool for developing critical technology platforms that meet industry specifications. Consortia can also address critical interoperability issues and "bring the multidisciplinary teams together to solve the analysis problems that would advance smart manufacturing." Consortia and public private partnerships aid the implementation of new technology, which can be "as much an organizational and cultural challenge as it is a technical challenge." These partnerships and extension services "could also help connect users with developers of advanced manufacturing technologies by creating platforms" to transfer and disseminate technology. The study identifies potential new business models and public-private partnerships as a potential route to overcome these barriers.
